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Taking up the reins of power: metabolic functions of p53
Timothy Humpton 1, * and Karen H. Vousden 2, * 1 The CRUK Beatson Institute, Glasgow G61 1BD, UK 2 The Francis Crick Institute, London NW1 1AT, UK *Correspondence to: Timothy Humpton, E-mail: t.humpton@beatson.gla.ac.uk; Karen H. Vousden, E-mail: karen.vousden@crick.ac.uk The clear importance of p53 as a tumour suppressor protein has propelled decades of intense research focused on understanding the functions of p53 and attempting to harness this knowledge for patient benefit. p53 plays a pivotal role in the ability of cells to sense and respond to stress-functions that contribute not only to limitation of cancer development, but also to modulating numerous other aspects of health and disease. Although the canonical activities of p53 relate to the elimination of damaged cells through cell death or senescence, more recent work has highlighted a role for p53 as a guardian of cell survival and facilitator of adaptation during metabolic stress. These emerging metabolic features of p53 activity are proving to be crucial for many of its essential functions.
Metabolic alterations have been associated with cancer development since Warburg noted high glucose uptake and lactate production in many cancer types. Subsequent studies have shown that tumour cells change metabolism in order to balance the needs of anabolism and energy generation-to allow for proliferation and dissemination-with the requirement to survive in abnormal, hostile, and nutrient-variable conditions (Pavlova and Thompson, 2016) . Unsurprisingly, perhaps, given the breadth of diversity across human tissue niches, the metabolic requirement of tumours depends not only on the underlying genetic alterations driving the oncogenic process, but also on the tissue of tumour origin, the stage of cancer progression, the host environment, and the host immune state (Mayers and Vander Heiden, 2017) . Adaptation to such heterogeneity is provided by the malleability of tumour metabolic responses. This exceptional plasticity creates significant challenges as we attempt to therapeutically intervene in these pathways.
As our understanding of metabolic alterations in cancers has expanded, so have the roles of p53 in mediating these responses (Labuschagne et al., 2018) . Proliferating tumour cells depend on anabolic pathways to produce biomass. Consequently, cancer cells often activate glycolysis to enhance nucleotide production and augment fatty acid synthesis. Befitting a tumour suppressor, several of the metabolic functions of p53 oppose the metabolic changes commonly acquired during tumorigenesis. For example, p53 can limit or inhibit glycolysis-so preventing the glycolytic phenotype characteristic of many cancer cells (Zawacka-Pankau et al., 2011) . Flux through the pentose phosphate pathway, which produces ribose that is essential for nucleotide synthesis, can also be limited by p53 (Jiang et al., 2011) . p53 also regulates various aspects of lipid metabolism, such as by activating the expression of Abca1, so preventing the maturation of the transcription factor SREBP2-an important activator of mevalonate pathway genes (Moon et al., 2019) . As a result, loss of p53 leads to increased mevalonate pathway activity that contributes to liver cancer development. p53 also plays a role in the regulation of the urea cycle, leading to an accumulation of ammonia and the suppression of translation of ornithine decarboxylase, a rate-limiting enzyme of polyamine synthesis (Li et al., 2019) . A consequence of this activity of p53 is to limit tumour proliferation and growth. De novo serine synthesis-a pathway that becomes important in many cancers-is directly impaired by p53-mediated inhibition of PHGDH, the rate-limiting enzyme in this pathway (Ou et al., 2015) . Furthermore, p53 can play a role in eliminating cells undergoing metabolic stress by enhancing the sensing of extracellular adenosine, which accumulates under these conditions (Long et al., 2013) . In these situations, metabolic functions of p53 easily map onto the p53-tumour suppressor framework.
Even though tumour cells ramp up various metabolic pathways to support growth and proliferation, an expanding tumour mass can still become starved of nutrients, a situation that may not be entirely resolved by the development of leaky and ill-formed tumour vasculature. Cancer cells therefore develop numerous mechanisms to allow them to survive nutrient and oxygen starvation and surprisingly, under some conditions, p53 can contribute to these supportive responses (Humpton and Vousden, 2016) . Induction of pathways such as autophagy, macropinocytosis, and endocytosis allow scavenging of nutrients from the microenvironment or through a limited degree of self-cannibalization. p53 has been shown to activate autophagy-a process that in the short term, at least, can help to recycle nutrients and keep cells alive (Rabinowitz and White, 2010)-and clearly supports cancer development (Guo and White, 2016) . Intriguingly, the contribution of autophagy to tumour development in the pancreas depends on the retention of wild-type p53 (Rosenfeldt et al., 2013) .
Nutrient depletion can cause an energetic crisis and so engage AMPK, a critical energy-sensing protein (Hardie, 2014) . In response to diminished ATP, AMPK promotes catabolic pathways that produce ATP, while limiting anabolic energy-utilizing pathways, so supporting cell survival. In many ways, there is a close thematic relationship between p53 and AMPK, and this is enhanced by the fact that each can induce and respond to the other . Like AMPK, p53 can also limit energy-consuming pathways, like fatty acid synthesis, while promoting energy-producing pathways such as fatty acid oxidation or mitochondrial metabolism (Humpton and Vousden, 2016) . Furthermore, p53 can help to conserve cell viability under nutrientlimiting conditions through the induction of cell cycle arrest, a response that limits the anabolic demands that accompany proliferation. Key to this response is the activation of the cyclin-dependent kinase inhibitor p21, expression of which can help to retard or promote tumorigenesis (Warfel and El-Deiry, 2013) . Importantly, although p21 expression can contribute to the induction of an irreversible proliferative arrest, transient induction of p21 is generally reversible, allowing cells to re-enter the cell cycle once stress or damage has been resolved. This ability to turn off the p53 response would seem to be critical to allow for recovery at the end of a period of metabolic stress.
Further mechanisms underlying p53 prosurvival functions in nutrient-depleted conditions are still being elucidated, and some may vary according to which nutrient is limiting. For example, many tumours develop a microenvironment that is selectively depleted of glutamine (Kamphorst et al., 2015) . The cell's ability to survive glutamine starvation is bolstered by the expression of p53-dependent genes, including the glutamate/aspartate transporter Slc1a3, which can support the malate-aspartate shuttle (Tajan et al., 2018) , and Slc7a3, which enhances arginine import (Lowman et al., 2019) . Manipulating glucose levels instead of glutamine engages different p53 pathways to promote survival (Jones et al., 2005) . For example, p53-dependent activation of the long noncoding RNA TRINGS (Khan et al., 2017) and p53 induction of Acad11 (Jiang et al., 2015a )-a protein involved in fatty acid oxidation-can both support survival under conditions of glucose starvation.
Another challenge that is commonly encountered by tumour cells is excessive oxidative stress, resulting from the activation of oncogenes, perturbed metabolism, and loss of normal environmental support (Gorrini et al., 2013) . In response, tumour cells activate antioxidant defence mechanisms to support their survival. Several p53 functions can promote ROS and so tip cancer cells into death. These include the transcriptional activation of pro-oxidant genes (Liu and Xu, 2011) and inhibition of the pathways that produce NADPH (Jiang et al., 2011; Jiang et al., 2013) , a cofactor essential for the recycling of the antioxidant glutathione. p53 also represses the expression of Slc7a11, a component of the cystine/glutamate antiporter xCT (Jiang et al., 2015b) . Reduction in cystine uptake through this mechanism limits the antioxidant capacity of cells and can drive the ROS and iron-dependent cell death program known as ferroptosis. Indeed, several functions of p53 have recently been shown to promote ferroptosis (Gnanapradeepan et al., 2018) . But the regulation of oxidative stress is an area in which the dichotomous activities of p53 are clearly evident. In addition to promoting ROS, p53 can function to limit ROS to help promote cell survival. A number of antioxidant p53 target genes have been identified (Liu and Xu, 2011) including several that promote NADPH production through increased activity of the oxidative arm of the pentose phosphate pathway (Bensaad et al., 2006; Duan et al., 2018) or promote the production of the antioxidant GSH (Hu et al., 2010; Suzuki et al., 2010) . Moreover, albeit less directly, p53 can also play a role in maintaining mitochondrial integrity and function (Itahana and Itahana, 2018) , with loss of p53 resulting in less efficient oxidative phosphorylation and increased ROS. Induction of p53 has also been shown to protect cells from ferroptosis (Xie et al., 2017; Tarangelo et al., 2018) . It is clear that the redox control functions of p53 are complex and often contradictory.
We are therefore left with evidence that p53 can function in seemingly opposing ways in response to nutrient stress. On the one hand, p53 can increase ROS and promote cell elimination and death. On the other, p53 can foster adaptation to nutrient deprivation, protect cells from ROS, and support survival. How to integrate these multiple functions of p53 is a topic of great interest. A simple model would suggest that p53 helps to support cell adaptation and survival in response to transient and/or reversible stress such as limited periods of nutrient starvation, while driving the elimination of cells exposed to irreparable stressinduced damage (Figure 1 ). Whether this model is correct is not entirely clear and many questions remain unanswered. For one, how is the switch from cell survival to cell death mediated? It is possible that context-specific collateral signals within a stress state act to modulate the p53 response itself, by directing different transcriptional programmes that would induce cell survival over cell death genes. Alternatively, or additionally, p53-independent signals may cooperate with p53 to tip the balance appropriately. Elegant studies from many years ago showed that simply dialling up the amount of p53 could switch cells from cell cycle arrest (a potentially reversible Figure 1 p53 can induce divergent paths to support survival or promote death. Depending on the nature, intensity, and duration of applied stress, p53 engages programs to support cell survival and adaptation or cause death and promote cell elimination. The model suggests that p53 can aid in recovery and repair under conditions of mild and reversible stress, but acts to eliminate cells exposed to persistent stress or irreversible damage. While both responses have the potential to protect from cancer development, inappropriate activation of the death response can promote degenerative diseases or early aging, while inappropriate maintenance of the survival response could help to support malignant development.
state that contributes to many of the survival scenarios) to cell death (Chen et al., 1996) . These studies suggest the existence of a 'goldilocks zone' where just the right amount of p53 signalling supports survival, while too much induces death. More research will be required to reveal the molecular underpinnings of such a balancing act. As interesting as uncovering how p53 toggles between functions is to determine what the evolutionary selection for these different functions of p53 might be and what impact tumour-associated p53 mutations have on these activities.
Tumour-derived mutations in p53 frequently give rise to a single-point mutation leading to the expression of a mutant protein. In general, the commonly occurring missense mutations in p53 result in a significant loss of wild-type p53 transcriptional activity, either by altering a DNA-contacting residue or by changing the structure of the protein entirely (Freed-Pastor and Prives, 2012) . These alterations consistently ablate the ability of these p53 mutants to promote cell death or cell elimination-an observation that clearly implicates these functions in effective tumour suppression. These mutant p53s can also induce metabolic responses that are opposite to those triggered by wild-type p53. For example, mutant p53 can activate glycolysis (Zhang et al., 2013) and suppress mitochondrial metabolism (Eriksson et al., 2017 )-although these activities can vary depending on mutation and tissue type. Mutant p53 can also promote the mevalonate pathway, so allowing cells to survive under conditions of matrix detachment . Intriguingly, some tumour-associated p53 mutants show selective retention of wild-type functions that contribute to survival under nutrient and oxidative stress (Tran et al., 2017; Humpton et al., 2018) . Maintenance of both p21 and MDM2 expression by the hotspot p53 mutant R248, for example, results in an ability to survive glutamine and serine starvation, although this p53 mutant is not able to induce cell death or senescence. This leads to the interesting possibility that expression of point mutations that selectively retain wild-type p53 survival functions would be selected more strongly during tumour evolution than mutations that abolish p53 entirely. In support of this suggestion, patients carrying tumours with R248 p53 mutants show a particularly poor survival rate (Xu et al., 2014; Humpton et al., 2018) , even compared to patients with tumours harbouring other common p53 mutations.
Finally, and moving away from cancer, we should consider whether the metabolic functions of p53 have been selected for purposes other than tumour surveillance. p53 is now being implicated in numerous aspects of health and disease-in several cases reflecting the negative consequences of cell death following p53 activation. In ischemia, for example, inhibition of p53 is likely to have therapeutic benefit (Gudkov and Komarova, 2010) . The role of p53 in the development of obesity (a consequence of nutrient excess) and metabolic syndrome is not yet clear, although some studies have shown that the retention of p53 activity can support weight gain (Derdak et al., 2013; Porteiro et al., 2013) . While this is a somewhat detrimental response in the 21st century, it is likely to have provided a strong selective advantage in the past. Other clear benefits to maintaining wild-type p53 activity beyond tumour suppression are also beginning to emerge. In normal reproduction, for example, p53 modulates the level and function of LIF, a cytokine critical for embryo implantation and subsequent normal progression through pregnancy . In terms of metabolism, the ability of p53 to maintain mitochondrial health is associated with increased stamina during exercise (Park et al., 2009) , while p53-mediated regulation of lipid metabolism may help to promote liver homeostasis and protect from liver steatosis (Liu et al., 2014; Prokesch et al., 2017) . We note, however, that the role of p53 in the development of liver disease and obesity is highly complex and discussed in more detail elsewhere (Labuschagne et al., 2018) . Chronic p53 activation can also lead to early aging, although the enhanced ability to appropriately activate p53 may improve lifespan (Wu and Prives, 2018) . While p53 activity is dramatically altered in many cancers following mutation, p53 function is also more subtly modulated via the retention of different p53 polymorphisms within the human population. Some of these polymorphisms are differentially distributed geographically-suggesting varied utility in different populations or climates (Beckman et al., 1994) . One of these, the R72 polymorphism, can enhance fat accumulation and promote survival under nutrient starvation (Kung et al., , 2017 . This polymorphism is enriched in northern latitude populations, tracking nicely with selection based on altered necessities of survival in colder and more food-limited climes. However, whether such active positive selection caused this geographical distribution of the polymorphism is a matter of debate in the literature (Sucheston et al., 2011) . Cells expressing a different p53 polymorphism (S47) show reduced ability to activate ferroptosis (Leu et al., 2019) and increased glycolysis (Barnoud et al., 2019b) , correlating with reduced tumour suppressor activity of this variant (Jennis et al., 2016) . Intriguingly, p53 S47 is found more frequently in populations of African descent, although why such polymorphisms would persist in these populations remains to be discovered (please see the review by Barnoud et al. (2019a) in this issue for more information on p53 S47 and other p53 variants). There is still a lot to learn, but already these observations highlight our growing appreciation of the importance of the metabolic functions of p53 beyond its usual cancer-centric conceptual framework.
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